The ability of the Sendai virus major nucleocapsid protein, NP, to support the in vitro synthesis and encapsidation of viral genome RNA during Sendai virus RNA replication was studied. NP protein was purified from viral nucleocapsids isolated from Sendai virus-infected BHK cells and shown to be a soluble monomer under the reaction conditions used for RNA synthesis. The purified NP protein alone was necessary and sufficient for in vitro genome RNA synthesis and encapsidation from preinitiated intracellular Sendai virus defective interfering particle (DI-H) nucleocapsid templates. Sendai virus, the prototype virus of the parainfluenza virus family, contains a 15-kilobase negative-strand RNA genome (for a review, see reference 12). The genome RNA is found both in the virion and in the infected cell as an RNase-resistant nucleocapsid by its tight association with the major nucleocapsid protein, NP (60 kilodaltons [kDa]). Two other viral proteins, the P (79 kDa) and L (200 kDa) proteins, are also associated with the nucleocapsid and are thought to function as subunits of the RNA-dependent RNA polymerase. Three additional Sendai virus proteins, the hemagglutinin/neuraminidase (HN, 72 kDa), fusion (F., 65 kDa), and matrix (M, 34 kDa) proteins, are associated with the lipid envelope of the virion.
Sendai virus, the prototype virus of the parainfluenza virus family, contains a 15-kilobase negative-strand RNA genome (for a review, see reference 12) . The genome RNA is found both in the virion and in the infected cell as an RNase-resistant nucleocapsid by its tight association with the major nucleocapsid protein, NP (60 kilodaltons [kDa] ). Two other viral proteins, the P (79 kDa) and L (200 kDa) proteins, are also associated with the nucleocapsid and are thought to function as subunits of the RNA-dependent RNA polymerase. Three additional Sendai virus proteins, the hemagglutinin/neuraminidase (HN, 72 kDa), fusion (F., 65 kDa), and matrix (M, 34 kDa) proteins, are associated with the lipid envelope of the virion.
After virion adsorption and penetration by fusion, the reproduction of Sendai virus takes place entirely in the cytoplasm of the infected cell. Both during infection and in detergent-disrupted purified virus the negative-strand nucleocapsid serves as the template for the transcription first of a short leader RNA complementary to the 3' end of the genome RNA (14) and then the sequential synthesis of the viral mRNAs in the order NP, P+C, M, Fos HN, L (11, 18, 19) . In addition to the six structural viral proteins in the infected cell, there is synthesis in the infected cell of two nonstructural proteins of unknown function (13) . These proteins, designated C and C' (22 and 21 kDa, respectively), are translated from an alternative open reading frame of the P mRNA (10) .
In the infected cell, viral protein synthesis is required for the reproduction of the progeny minus-strand nucleocapsid RNA which occurs via the synthesis of a full-length plusstrand RNA intermediate which is also encapsidated by the NP protein (12) . We have developed a cell-free system which Gainesville, FL 32610. supports the initiation and complete replication and encapsidation of the genome RNAs of both Sendai virus and its defective interfering particle (DI) (6) . This in vitro RNA replication system employs isolated intracellular nucleocapsids or purified virus as templates and the soluble protein fraction from Sendai virus-infected cells to supply the proteins required for RNA synthesis and encapsidation. The template used extensively in these experiments was the Sendai virus DI particle DI-H. The DI-H genome RNA (0.5 x 106 Da) is only 11% of that of wild-type (WT) Sendai virus RNA, consists of sequences from the 5' end of the WT RNA, including only a portion of the L cistron, and has copy-back termini, with the 3' terminus complementary to the 5' terminus (17) . Like the WT virus, both the plus and minus DI-H RNA-containing nucleocapsids are packaged into virions. The DI-H virus thus provide templates which synthesize two products, a leader RNA and the genome-length RNA, from each RNA strand.
A key question in understanding the RNA replication of negative-strand viruses is the role of the major nucleocapsid protein. It has been proposed that the binding of the nucleocapsid protein to the nascent RNA may act as an attenuator of the mRNA processing steps which occur during transcription, allowing readthrough of the intracistronic regions and, therefore, synthesis and concomitant encapsidation of the progeny genome RNA (1) (2) (3) . In this study, we have purified the NP protein from WT Sendai virus intracellular nucleocapsids and tested its ability to support Sendai virus DI-H genome replication. We show that the purified NP protein is necessary and sufficient for RNA synthesis and encapsidation from preinitiated templates (that is, for the elongation reaction) but cannot alone initiate Sendai virus RNA replication and encapsidation.
MATERIALS AND METHODS
Cells and virus. Sendai virus (Harris strain) and its defective interfering particle DI-H were propagated in embryonated chicken eggs and purified as described previously (6 (Fig. 1, lanes B and C) , even after prolonged exposured of the gel (not shown).
The NP protein was further analyzed by glycerol gradient centrifugation to determine its native molecular weight. Compared with the protein standards analyzed in parallel gradients, the purified NP protein sedimented predominantly with a molecular weight of 60,000 (Fig. 2) , a molecular weight identical to that obtained on denaturing polyacrylamide gels (Fig. 2) Effect of NP protein on in vitro DI-H RNA replication. The purified NP protein was then tested for its ability to support in vitro RNA replication. Sendai DI-H nucleocapsids retaining the RNA polymerase were isolated from Sendai virusand DI-H-coinfected cells at 12 h postinfection and used as the template for reactions in the presence or absence of added protein. The products were treated with micrococcal nuclease to digest any nonencapsidated RNA, and the remaining RNA was isolated and analyzed by agarose-urea gel electrophoresis. As we have shown previously (6) , addition of the soluble protein fraction from Sendai virus-infected cells was necessary and sufficient for the synthesis and encapsidation of the two 14S genome RNAs of DI-H (Fig. 3,  lane A) , since in the absence of added protein little nucleaseresistant RNA was synthesized (Fig. 3, lane B) . The addition of increasing amounts of purified NP protein also supported the synthesis and encapsidation of the DI-H genome RNAs (Fig. 3, lanes C to E) . Quantitation of the total radioactivity in both the plus and minus 14S RNA products in several similar experiments showed that DI-H RNA replication increased in a linear fashion with the addition of increasing amounts of NP protein (Fig. 4) . The DI-H nucleocapsids used here as templates were isolated from infected cells at the time of maximum RNA replication and probably contain nascent replicative RNAs initiated in the cell prior to extract preparation. The RNA replication measured in these experiments, therefore, is primarily the elongation and simultaneous encapsidation of these nascent RNAs, and the data show that purified NP protein alone was necessary and sufficient for this reaction.
We also tested whether the purified NP protein allows the initiation of encapsidation for RNA replication. For this purpose, we used purified detergent-disrupted DI-H virions, which should have little if any nascent RNA, as the template for in vitro RNA replication (6). The purified DI-H particles came from stock grown in eggs at high levels of interference and were not separated from residual WT Sendai virus; however, the amount of WT virus was very low since there was no detectable mRNA synthesis from the Sendai virus in the DI-H preparations. Furthermore, the DI-H stock alone did not support the reproduction of DI-H virions in cell culture (data not shown). As a positive control, addition of the soluble protein fraction from Sendai virus-infected cells to purified DI-H did support the synthesis and encapsidation of the 14S RNA products in vitro (Fig. 5, lane A) , whereas there was no RNA replication in the absence of added proteins (Fig. 5, lane B) , as described previously (6) . The addition of purified NP protein to the DI-H particles did not allow RNA replication (Fig. 5, lane C) , in contrast to the results obtained when intracellular nucleocapsids were used as templates (Fig. 4) . The soluble protein extract from uninfected cells also did not support Sendai virus DI-H genome replication either in the absence (lane D) or presence (lane E) of purified NP protein. These data suggest that in addition to the NP protein, another viral protein, and not a cellular protein, is required for the initiation of encapsidation. This second viral protein, however, is not required for the subsequent elongation events. RNA viruses. In this discussion, we will compare and contrast the mechanism(s) of RNA replication of the prototypes of the paramyxoviruses (Sendai virus) and the rhab- (Fig. 3) , with the amount of replication dependent on the concentration of NP protein in the reaction (Fig. 4) . These data show that the NP protein is the only additional protein required for the elongation reaction of encapsidation. The purified NP protein was shown to be a soluble monomer under the conditions used for the in vitro RNA replication reactions. In contrast, the corresponding major nucleocapsid protein (N) of VSV cannot be isolated as a soluble monomer protein, but is found in infected cells as a soluble component only when it is complexed to the VSV NS protein (16) , which in addition to this structural role also serves as a subunit of the viral RNA polymerase.
We have shown, however, that the purified NP protein cannot alone initiate encapsidation. Purified detergent-disrupted DI-H virions either alone or in the presence of purified NP protein cannot synthesize the DI-H genome RNAs (Fig. 5) . We We have used several monoclonal antibodies to the Sendai virus NP and P proteins (8, 9) to test for possible interactions of these two viral proteins in the soluble protein fraction of infected cells. No stable association (i.e., complex) of the NP and P proteins (unpublished observations) was detected under conditions which readily allowed detection of the VSV N-NS complex (16) . An NP-P complex could be unstable and thereby escape detection, or the P protein could act as a cofactor necessary for the initiation of encapsidation. Alternatively, the Sendai virus nonstructural proteins C and C', whose functions are to date unknown, may also have a role(s) in the initiation of encapsidation during RNA replication. Further studies with the in vitro Sendai virus replication system with nucleocapsid templates supporting different reactions in replication and purified viral components should help to determine the roles of the viral proteins in Sendai virus genome replication.
